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Abstract 


Fatigue  crack  growth  at  intermediate  rates  and  K  0.1  has  been  measured  In 
compact  tension  specimens  of  the  allovs  Tl-hAl-4V  and  T 1 -bAl  -  57.r -0.  5Mo-0. 2  5S 1  . 
Crack  length  was  determined  from  the  output  of  a  crack  mouth  displacement  gauge 
and  by  using  a  d.c.  potential  drop  technlqtie.  Tlie  Incidence  of  crack  closure 
was  examined  during  f.atiguo  bv  using  both  of  the  above  methods;  COD  was  fovind 
to  be  more  reliable  for  closure  measurement  than  potential  <)rop.  In  contrast 
to  the  fine  mlc rost rtir t ured  Ti-6A1-4V,  the  coarse  T1 -bAl -57r-0. 5Mo-0. 25S 1 
showed  substantial  load  transfer  across  the  cr.ack  faces  dvirlng  fatlgiie  and 
this  W.1S  attributed  to  a  "non-c losure"  mechanism.  Low  crack  growth  rates  In 
the  latter  allov  were  ratlonalired  In  terms  of  an  effective  Marked  re-  c* 

duct  ions  In  growth  rate  produced  bv  variable  amplitude  loading  of  T1-6A1-4V 
could  not  be  explained  by  crack  clo.sure. 
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Synopsis 

Katlque  crack  growth  at  intermediate  rates  and  R  0.1  has  fatten  measured 
in  comjvact  tension  specimt^ns  of  the  alloys  Ti-fcAl-4V  and  Ti-6Al-SZr-0.SMo-0.2SSl. 
Crack  length  was  determined  from  the  output  of  a  crack  mouth  displacement 
gauge  and  by  using  a  d.c.  {Kjtentlal  drop  techigue.  TTie  incidence  of  crack 
closure  was  examined  during  fatlipje  by  using  l>oth  of  the  al)ove  methods; 

COD  was  found  to  be  more  reliablt*  for  closure  measurement  than  potential 
drop.  In  contrast  to  the  fine  microst ructured  Ti-(vAl-4V,  the  coarse 
Ti-tAl-SZr-O. ‘>Mo-0. 2SSi  showed  sulistantlal  load  transfer  across  the  crack 
faces  during  fatigue  and  this  was  attributed  to  a  "non-closure"  mechanism. 

Iajw  crack  growth  rates  in  the  latter  alloy  were  rationalized  in  terms  of  an 
effective  AK .  Mirked  reductions  in  growth  rate  prcKluced  by  variable  amplitude 
loading  of  Tl-fJil-4V  co\;ld  not  be  explainr-d  by  crack  closure. 


I 
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irTTKOWCTlON 

Fatigue  crack  closure  has  been  widely  examined  since  the  original 

(1  2J 

observations  of  Ell>er  were  reported  '  .  Essentially  these  observations 

were  that  in  some  circumstances  load  transfer  occurred  across  the  fracture 

faces  during  jvart  of  the  fatigue  cycle.  It  was  suggested  that  this  was  due 

to  residual  plastic  deformation  left  in  the  wake  of  the  crack.  The  applied 

load  range,  AP,  was  therefore  corrsldered  to  be  an  i nappi opr  1  at e  parameter 

with  which  to  correlate  crack  growth  rate  and  scnne  lower,  effective  load 

range,  AP  ,  was  more  appropriate,  where 
ef  f 


AP  -  p  -  p 

o  ( t  m.\x  op 


(1) 


and  P  is  the  lo.id  at  which  t  h«'  crack  is  fully  open  .ind  P  is  the  maximum 
op  max 

load  in  the  fatigue  cycle.  Tlie  pract ical  implications  of  a  closure  pheno¬ 
menon  are  ver~y  attractive  in  that  they  may  present  an  additional  means  of 
improving  fatigue  resistance  of  structural  ccxnp -nr-nt  s  hy  suit.rble  material 
select i on . 

In  order  to  <pjantlfy  crack  closure  effects  it  is  of  course  necessary 

to  measure  P  and  this  has  prmluced  conflicting  views  on  the  merits  of 
op 

several  exiwrimental  methods.  The  two  most  widely  used  have  been  the  DC 

( 3-9) 

jxitentlal  drop  system  which  relies  up<'>n  electrical  conduction  across 

the  fracture  faces  at  closure,  and  the  detection  of  specimen  compliance 
changes^^  at  closure  by  monitoring  strain  or  displacement  gauge 

outputs . 

The  current  work  is  concerned  with  a  coin|vrrlson  of  P.D.  and  displacement 
gauge  observations  of  fatigue  crack  closure  in  Ti-f>Al-4V  ar>d  Ti-f>Al-SZr- 
0.^Mo-O.29Sl  alloys  and  with  relating  crack  growth  rate,  Aa/AN,  to  an 
effective  load  range  via  equation  (1)  and  a  modified  Par Is-Erdtjgan 
rel at lonshlp*  * 


-  2 


tA/tM  -  A  AK 


ml 


eff 


where  AK  ■  fn(flP 

eff  eff 


(2) 


EXPKRIMI-NTAL 

Ccunpdct  ti'nslon  s|>«>clm«*ns  of  thicVnoss,  B,  ?OTni  aihI  with  othor  dimensions 
In  such  proportion  as  to  comply  with  reci’nmonded  diT.ign^^^^  were  m/ichined 
from  Ti-fiAl-4V  rtnd  Ti -(>Al-SZr-0.  SMo-O.  JSSi  alloys.  Both  alloys  were  in  the 
as-received  condition  having  recelv«‘d  conv<‘nt  ional  t  hermo-roechani  cal  treatSH-nt. 

The  T1-(A1-4V  li.id  Ix-en  mi  1 1  - ann«’a  1  ed ,  that  is,  forgi-d  at  a  ti-mperature 
high  in  the  0*6  phase  f i e Id^ sol ut i on  treated  for  ?hrs  at  700°C  and  air 
cooled.  The  miciost  ruct  ure  was  mainly  ••longativf  primary  n  but  contained 
transform4‘d  P  and  ■.<  )ii>e  retained  P  at  the  grain  boundaries.  The  mean  linear 
intercept  primary  n  grain  sire  was  *  ?;im  in  the  transverse  direction  and 
IPum  ♦  9vja  in  the  longitudinal  diri'ctlon. 

The  Tl-f'Al-S7,r-0. ‘'Mo-0. 7SS1  had  received  a  final  worVlnq  in  the  P  phase 
field,  heat  tr«-ated  al>ove  the  P  t  ransus  at  lO'O^C,  oil  <juenrhed  and  aged/stress 
relieved  for  ?4hrs  at  SSO*^C.  The  mean  linear  Intercept  prior  P  grain  sire 
was  O.nftisB  ♦  0.3Bmru  the  grains  corrtalned  colonies  which  cfrnslsted  almost 
entirely  of  a  fine  basVetweave  of  Wldmanst  lit  ten  a. 

Mechanical  testing  was  |>er formed  on  a  servo-hydraulic  Instron  Dynamic 
Testing  Instrument  which  provided  the  range  of  loading  conditions  necessary 
for  pre-cracking  from  the  machined  notch  and  subsequent  fatigue  crack  growth. 

It  also  enabled  discrete  load  cycles  to  be  carried  out  at  low  frequency  for 
study  of  crack  closure. 

The  DC  potential  drop  equlpiaent  consisted  of  a  stabilized  constant 
current  source  of  30A  from  which  the  current  was  passed  through  the  specimen 
at  points  I  and  O  in  figure  1  using  4RA  brass  bolts  separated  1 Tna  (0.3N) 


I 
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across  the  crack  plane.  The  P.D.  was  monitored  via  a  voltage  suppression 

unit  and  a  high  gain  amplifier  by  a  strip  chart  recorder  during  fatigue  and 

by  an  X-YY  recorder  for  single  low  frequency  load  cycles.  A  calibration  was 

obtained  to  enable  crack  length  to  be  related  to  P.D.j  this  is  shown  in 

graphical  foi'm  in  figure  2  but  was  represented  by  a  best  fit  polynomial  for 

crack  length  com|Mt at  ions .  A  detailed  d«-scrlptlon  of  the  DC  potential  drop 

(14) 

technique  has  l>«-en  pr»*s«‘nti'd  elsewhere 

A  Boulton  r.iul  Aircraft  tyi'e  KSl  miniature  d  i  spl  acotm-nt  transducer 
was  mounted  across  the  top  surface  of  the  tiwclmen  as  slrown  in  figure  3. 

Tf.w  output  was  fed  to  the  X-YY  recorder  to  monitor  the  specimen  compliance 
during  specific  lia*  f  r  equ»-ncy  cycles.  Tin*  di  spl  aceiwnt  gauge  output  per  unit 
load  was  calllrated  with  resjs-'Ct  to  crack  length  and  is  shown  in  figure  4. 
This  data  was  descr  llx-d  by  a  l>est  fit  fwilynomlal  for  comj>ut  at  lonal  purposes. 

The  effect  of  changes  in  load  amplitude  at  H  0.1  on  cr.ack  growth 
rate  and  crack  closure  w«-re  i-xamined  in  T1-('A1-4V.  TTie  form  of  the  load 
amplitude  changes  is  shown  in  flc/ure  S.  A  crack  was  first  grown  with  load 
range  (1)  and  after  the  ijrowth  had  l>een  established  for  a  few  millimeters 
the  load  aniplltu.le  was  increased  to  (2).  Wlien  'tliim  of  growth  at  the  higher 
a.mplltude  had  taken  place  the  load  range  was  reduced  to  the  original  value 
for  a  few  millimeters  of  growth.  Another  period  of  Increased  amplitude 
cycling  (3)  was  then  iwrformed  followed  by  a  return  to  the  original 
amplitude  (1).  In  region  (2)  the  maximum  load  was  Increased  by  SO. 5% 
compared  with  region  (1)  and  in  region  (3)  the  maximum  load  was  83.SJhlgher 
than  in  (1).  Crack  closure  was  sronltored  during  the  above  periods  of 
crack  growth. 


J 
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RESULTS  and  DISCUSS ION 

Typical  data  at  intermediate  growth  rates  for  fatigue  of  Ti-6Al-SZr- 
0.SMo-0.2SSi  and  Ti-6A1-4V  at  R  0.1  in  air  are  presented  in  figures  6  and  7 
respectively.  It  can  be  seen  that  of  the  two  alloys  the  Ti-€>Al-4V  showed  a 
substantially  higher  rate  of  crack  growth.  When  the  Paris-Erdogan  relation- 
ship  ,  namely. 


Aa/AN  -  R  AK 


was  applied  to  the  data  of  figure  f>  the  sloj->e  m  was  'vC.S  which  is  significantly 
higher  than  the  values  of  2-4  generally  found  for  fatigue  crack  growth  at 


Intermediate  rates 


In  cofjtrast,  the  m  value  for  the  Ti-(>A1-4V  in 


figure  7  was  'v-l.  Relatively  large  m  values  and  low  growth  rates  have  been 


re^x^rted  previously  for  6  heat  treated  titanium  alloys 


(16,  17) 


Records  of  PD  change  v«-rsuB  load  and  COD  versus  load  were  made  at  inter¬ 
vals  during  the  tests  to  «-xamlne  the  incldr-nce  of  crack  closure.  Schematic 
responses  in  the  jiresence  of  closure  are  sly>wn  in  figure  8  to  facilitate  a 
discussion  of  the  forms  of  the  curves  and  their  analyses.  The  decrease  in 
slope  of  the  COD  <-uive  from  A  to  D  is  considered  to  occur  due  to  the  Increase 
in  specimen  compliance  on  going  f rirm  a  closed  to  an  o|->en  crack,  Hi-nce  over 
the  linear  region  AP  the  crack  is  fully  closed  with  load  bearing  contact 
across  the  crack  faces  and  the  specimen  responds  as  if  no  crack  was  present. 

On  going  from  B  to  C  the  crack  opens  and  over  the  linear  region  CD  the  crack 
is  fully  open.  An  experimental  difficulty  in  work  on  closure  is  in  determining 
the  point  C  when  the  crack  is  Just  fully  openj  ext rajiolat Ing  DC  to  lower  loads 
as  shown  in  figure  8  and  locating  the  point  of  departure  of  the  extrapolation 
from  the  original  curve  is  one  method.  The  form  of  the  schematic  PD  response 
in  figure  8  shows  an  approximately  constant  value  of  PD  from  F  to  G  when  the 
crack  is  fully  open  and  when  closure  occurs  the  PD  falls  away  over  the  region 


GH  as  the  area  of  electrical  contact  across  the  crack  faces  increases. 
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D«termlnatlon  of  point  C  is  assumed  to  give  a  measure  of  the  closure  load. 

Crack  closure  was  indicated  by  both  the  compliance  method  and  the  PD 
during  constant  load  amplitude  testing  of  Ti-fcAl-SZr-O.SMo-0. 25Si  at  R  0.1  as 
shown  for  example  in  figure  9.  The  detection  of  closure  by  the  P.D.  was 
eratic  and  the  first  three  P.D.  traces  in  figure  9  do  not  give  a  clear  indic¬ 
ation  of  the  closure  load,  which  was  revealed  by  the  CXX)  traces  to  be  a  sub¬ 
stantial  fraction  of  the  m-rxitnum  applied  load.  There  was  also  a  tendency  for 
the  P.D.  output  to  shew  a  higher  value  of  closure  load  than  the  CX)D  readings 
and  this  is  exampllfled  in  figure  lO.  Figure  lO  also  shows  an  interesting 
effect  of  a  decrease  in  P.D.  at  the  high  load  end  of  the  cycle.  This  beha¬ 
viour  has  been  referred  to  previously  wlien  it  w.rs  considr-rod  to  indicate  clos¬ 
ure  at  j'eak  load^^^^.  It  was  notlc«‘able  in  tlie  juesent  work  that  the  effect 
gradually  developt'd  at  the  higher  values  an<l  was  probably  associated 

with  surface  plastic  zone  size. 

The  extent  of  closure  dui ing  const  ant  load  amplitude  cycling  in  the 

Ti-f>Al-4V  was  small  I'tirojvrred  with  the  Ti-bAl-S7.r-0.SMo-0.2SSi  and  was  only 

a.  -  3/2 

found  at  the  high  end  of  the  K  range  used,  >  3bMNm  .  (Figure  11).  In 
the  example  shown  in  figure  11  closure  was  detected  by  the  COD  g.avige  only 
near  the  lottom  of  the  load  cycle  but  the  PD  indicated  a  much  higher  closure 
load,  confirming  the  results  from  the  Tl-bAl-S7r-0.SMo-0.2SSi.  Closure  was 
detected  by  both  COO  and  PD  at  lower  K  levels  in  the  Tl-bAl-4V  if  the  specimen 
was  unloaded 

The  Important  feature  of  crack  closure  is  the  transfer  of  load  across 
the  fracture  faces  at  some  load  above  the  minimum  in  the  fatlgrue  cycle. 

The  above  results  support  the  view  that  the  COD  method  is  more  successful 
than  the  PD  method  in  recording  this  event.  PD  measurements  of  closure  were 
shown  to  be  eratic  and  this  is  probably  due  to  variable  oxide  Insulation  on 
the  fracture  surfaces.  Similarly,  the  tendency  for  closure  levels  measured 
by  PD  to  be  higher  than  from  COD  traces  probably  arises  from  electrical  contact 


Across  the  fracture  faces  without  significant  load  transfer 


(9) 

Closure  loads  were  obtained  from  COD  traces  for  the  Ti-(jAl-SZr-0. SMo- 
0.2SSi  test  at  R  0.1  in  the  manner  indicated  in  figure  8.  Using  these  values, 
measures  of  the  effective  AK  at  the  crack  tip  were  calculated  from  equations 
(1)  and  (2).  The  crack  growth  rate  data  of  figure  6  was  then  rcplotted  in 
terms  of  and  is  sht>wn  in  figure  12.  The  slope  of  the  curve,  ml  in 

equation  2,  is  and  the  growth  rates  are  very  similar  to  those  in  figure  7 
for  the  Ti-('Al--lV.  It  would  apix-ar  that  the  large  differences  in  growth  rate 
between  the  two  alloys  Can  be  rationalized  using  the  approach. 

Ry  anology  to  previous  work  on  1  at  ge-gr  a  i  tied  titanium  alloy  ^  the 

relatively  high  Ir-vels  of  load  transfer  across  the  fracture  f.iccs  in  the 
Tl-fvAl -SZr-O.  SK- -O.  PSSi  are  assumed  to  arise  because  of  mism-rtch  of  the  coarse 
fracture  faces.  77iey  ar»-  thus  pre-vented  from  closing  and  this  ira-chanlsm  has 

been  f»’rm«*d  "rton-closur  e"  ^  ^  to  distinguish  it  from  the  plastic  wake  nj»*chanlsm 

,  ,  (1,2) 

of  closure 

As  monf  lon«>d  previously,  closure  was  not  d«-tect«'d  in  the  T1-(.A1~4V  during 
constant  amplitude  loading  at  R  0.1  except  .rt  high  K  lev’els,  but  it  was  encoun¬ 
tered  on  reducing  the  load  below  the  minimum  in  the  c'ycle.  TTiis  latter 
behaviour  was  examined  rtxire  closely  by  carrying  out  a  variable  amplitude  test 
as  described  in  the  exi'er Imental  section.  On  increasing  the  load  amplitude, 
whilst  keeping  R  0.1,  there  was  an  immediate  increase  In  growth  rate  as 
measured  by  the  PD  without  an  observed  transition  region.  (Figures  13  and  14, 
point  A).  On  reducing  the  load  amplitude,  the  growth  rate  sheared  an  Immediate 
marked  decrease.  There  was  however  a  transition  region  (points  B  in  figures 
13  and  14)  during  which  the  growth  rate  initially  decelerated  over  a  small 
crack  increment  to  a  minimum  value  and  then  accelerated  until  it  was  out  of 
the  zone  of  Influence  of  the  prevloijs,  higher  amplitude  loading.  The 
decrease  in  growth  rate  and  the  extent  of  the  zone  of  influence  of  the  previous 
higher  ain:'lltude  loading  were  greater  for  the  larger  reduction  in  load 
amplitude.  Closure  was  examined  before  and  after  the  decreases  in  load 

i 
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AiD(>lltudr  but  was  not  detected  by  CX3D.  (Figure  15).  The  PD  Indicated  some 

closure  Imnsedlately  after  a  decrease  in  load  amplitude  but  this  only  lasted 

for  a  few  cycles.  (Figure  15).  Hence  the  mar)ted  decrease  in  growth  rate 

obtained  on  decreasing  the  load  auplitude  could  not  be  explained  by  crack 

(19) 

closure.  This  confirms  observations  of  other  workt'rs  on  aluminium  alloy 

and  it  is  likely  that  the  reduced  growth  rates  are  associated  with  residual 

(20) 

tX)B>j'ress I ve  stresses  in  the  crack  tip  plastic  zone 

CXJWC  I.USIQNS 

1)  For  the  alloys  and  growth  conditions  used,  the  PD  nn-thod  was  unsuccessful 
in  measuring  cr.tck  closure.  Tills  was  pri-ibably  due  to  variable  electrical  contact 
across  the  crack  f.ices  because  of  oxide  insulation  effect  and  to  an  inability 

of  the  method  to  discriminate  between  rul'bing  contact  and  load-bearing  contact. 

2)  The  tTlD  Beth<,>d  was  more  relialde  in  detecting  crack  closure. 

3)  The  coarse-structured  Ti  -  <  A1 -57.r -O .  SMo-0 . 2SS  i  alloy  showed  substantial 
load  transfer  across  the  crack  faces  during  constant  amplitude  load  cyclirvj 
at  R  0.1.  This  was  in  contrast  to  Ti-fAl-4V  which  shi'-wed  a  small  amount  of 
load  transfer  and  only  at  high  K  levels. 

4)  Low  fatigue  crack  growth  rates  in  Ti  -  tA  1 -S7.r-0 . 5S 1 -0 . 25Mo  wefe  rationalized 
by  using  an  effective  AK  concept. 

5)  Marked  reductions  in  growth  rate  resulting  f rcxn  reduced  amplitude 
loading  in  Ti-(JM-4V  could  not  be  explained  by  crack  closure'. 
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Kicjuri*  1 

Coojvict  tonBlon  inion  qr^iiictry  showing  current 

injnjt  ,  I,  .ir»J  output,  O,  {>08111005  and  {>otentlal 
{'robe  {xislt  ions,  P. 


Klijuro  2 


Calibration  rurvp  of  potr-ntlal  ilr  o|>  ratio  (V/'V^l 
vrrsus  crack  l«*i»jth  ratio  (a 'W)  for  a  c<.»5iw»ct  tension 
specimen  with  the  lead  attaefnent  j«?lnts  shown  in 
f  igvire  1  . 


Sch««M*t  Ic  of 
crack  (ji<'>wth 


Flijure  S 

the  load  arajdltode  char»}ps  us«<d  durinrj 
of  a  Tl-f‘Al-4V  speclBicn  at  R  0.1. 


time 


Katlguf  crack  <,rc^lh  cUta  for  tho  Ti- tdVl  -  S7.r -O .  • 

at  R  0.1,  8  HZ,  lalKiratory  air. 


Log  AK  (MNnn'^/2) 


Crack  Mou^^  Opening,  COD 
Potential  Drop  PD 


Kiijurf 

l>w»d/C'OD  ltvi<l/PD  trrtc<-s  rocorcJ.rJ  during  crack 

growth  In  the  Ti- (Al -'.7.r -O.  ^*^.-0.  ? V  1  ■  The  COD  trace 
are  consistent  in  ii.iicatlng  crack  closure  whilst  the 
PD  traces  are  not. 


Kiljurc  11 


A  j>i»lr  of  lt>.»il/rO0  cii»l  lo^/PD  tr.jcos  recorcioi  duritK) 
crack  growth  In  tho  Ti-fiAl--lV.  The  .uouunt  of  closure 
lr»llcat*xl  by  the  COO  Is  much  !an<il  lor  than  in  tho 
Ti-fvAl-br.r-O.  SMo-O.  2SSi  .  Tho  PD  suijgosts  a  higher 
value  of  cloBuro  load  than  tho  CXJO. 


Log  AKgf^  (MNm”3/2) 


LOAD 


